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A Taste for Development Minireview
taste buds and associated taste papillae in transgenicLinda A. Barlow*
Department of Biological Sciences mice. In particular, these types of studies have been
performed using animals that have disrupted gustatoryUniversity of Denver
Denver, Colorado 80208 innervation due to the lack of a particular neurotrophin,
brain-derived neurotrophic factor (BDNF), or its principal
receptor, trkB. BDNF is expressed in developing taste
For the past century, studies of the development of taste papillae (Nosrat et al., 1996) and is necessary for devel-
buds have focused on the role of nerves. Specifically, opment of gustatory innervation. In BDNF or trkB knock-
the conventional view has held not only that mature taste out mice, the majority of neurons within cranial ganglia
buds are dependent on intact innervation for survival but die during embryogenesis, and their axons do not reach
also that embryonic taste buds are induced by nerve the lingual epithelium (Conover and Yancopoulos, 1997;
contact (Oakley, 1993). The neural induction of taste Fritzsch et al., 1997). When these animals are examined
buds has been a convenient model that incorporates in several weeks after birth, taste buds and taste papillae
a single mechanism many aspects of the development are severely disrupted (Fritzsch et al., 1997; Nosrat et
of taste buds: contact by nerves could explain how taste al., 1997; Oakley et al., 1998). However, since innervated
buds are induced, how they are patterned, and how taste buds are already present at birth in normal mice,
they become specifically innervated. Support for this assessing mutant mice 2 weeks later does not address
hypothesis, however, has come primarily from regenera- directly the role of nerves in taste bud induction, i.e.,
tion studies in adult or postembryonic animals where the acquisition of a taste bud fate. Rather, these studies
an intact nerve supply is typically necessary for mainte- indicate that, as has been demonstrated by surgical
nance or elaboration of taste bud morphology. The role denervation in rat pups (Hosley et al., 1987), normal
of nerves in embryonic taste bud induction, in contrast, postnatal innervation is necessary for maintenance and
has been extrapolated from the repeated observation elaboration of taste buds. In fact, when trkB knockout
in most vertebrate species that nerve fibers arrive before mice are examined at or around birth, taste buds are
embryonic taste buds differentiate (Figure 1, normal de- not disrupted but only become progressively disorga-
velopment of amphibian taste buds). However, recent nized in the absence of normal postnatal innervation
experimental work has revealed that much of the embry- (Fritzsch et al., 1997). These latter findings are consistent
onic development of taste buds is actually nerve in- both with an initial nerve-independent formation of taste
dependent. Furthermore, new data indicate that more buds and with the subsequent requirement of taste buds
complex and much earlier developmental mechanisms for neural maintenance.
than previously imagined must be involved in the induc- Investigations of accessory structures associated
tion and patterning of taste buds. This minireview per- with mammalian taste buds have provided another way
tains to these new data and how they may be changing to address the role of nerves in the development of the
our thinking about development of the taste periphery.
Tests of the Neural Induction Model
New experimental evidence from numerous sources
now suggests that the neural induction model must be
reexamined. The most compelling data come from stud-
ies in amphibians. In salamander embryos, the majority
of the oropharyngeal epithelium is derived from endo-
derm (Barlow and Northcutt, 1995). When this endoderm
is isolated before nerve contact and raised in vitro, mor-
phologically normal taste buds differentiate with a time
course comparable to intact controls (Figure 1, nerve-
naive epithelium) (Barlow et al., 1996). In this species,
it is clear that taste bud development is independent
of innervation. At first inspection, similar studies in
mammalian embryos have yielded a contrary result; ex-
planted embryonic rodent tongues fail to differentiate Figure 1. Schematic Diagram of Embryonic Development of Am-
phibian Taste Buds and Experimental Manipulations Thereoftaste buds in the absence of innervation (Farbman and
Mbiene, 1991; Mbiene et al., 1997). However, these re- The top panel represents the relative timing of the appearance of
mesenchyme and nerve fibers at the oropharyngeal epithelium, assults are ambiguous since, due to technical constraints,
well as of taste bud differentiation. Experimental manipulations oftongues explanted prior to innervation fail to survive
this developing system are indicated by the arrows. Nerve-naiveuntil the point when taste buds would develop in normal
epithelium was generated by removing the presumptive oropharyn-
embryos. geal region from embryos well before the arrival of nerves (Barlow
An alternative approach to looking at the role of nerves et al., 1996). Taste buds differentiated normally in these explants.
The second manipulation shown is one in which the presumptivein mammals has been to inspect the organization of
oropharyngeal epithelium was removed from embryos prior to mi-
gration of mesenchyme. These explants also generated taste buds
(Barlow and Northcutt, 1997).* E-mail: lbarlow@du.edu.
Neuron
210
developing papillae (Hall et al., 1999) (Figure 2). How-
ever, these expression data do not address directly the
issue of mesenchymal induction of papillae since, in
rodent embryos, contact between the lingual epithelium
and mesenchyme occurs prior to the onset of shh ex-
pression. The role of mesenchyme in the induction of the
taste periphery has been tested in salamander embryos.
Taste buds of these animals are not associated with
papillae but rather are embedded directly in the lingual
epithelium, which is endodermal in origin. When the
presumptive lingual epithelium is isolated from embryos
before mesenchymal cell contact and cultured, this tis-
sue persists in generating taste buds that are morpho-Figure 2. Schematic Representation of the Embryonic Expression
logically indistinguishable from control buds (Barlowof Elements of the Shh Signaling Cascade in Mouse Lingual Epi-
and Northcutt, 1997) (Figure 1, mesenchyme-naive epi-thelium
thelium). This finding eliminates mesenchymal cells asA summary of the results of Hall et al. (1999). Expression patterns
are depicted for E12, E14, and E16. inducers of taste buds and, more importantly, indicates
that tissue-intrinsic mechanisms are responsible for
generating and possibly patterning taste buds, at least
in amphibians. Most surprisingly, this inherent capabilitytaste periphery. In the tongues of mammals, taste buds
to generate taste buds is a property of the endodermare restricted to epithelial specializations termed papil-
from early stages in embryogenesis; endoderm isolatedlae. Papillae form before taste buds differentiate and,
from embryos as soon as gastrulation is complete willmore importantly, before nerves arrive (Farbman and
generate taste buds in vitro at the normal time, 10 daysMbiene, 1991). Moreover, papillae form in explanted
later. Whether this is the case for mammals remains totongues in the absence of innervation (Farbman and
be seen, but results in amphibians raise the interestingMbiene, 1991; Mbiene et al., 1997), indicating that the
possibility that papillar formation in mammals, whichpattern of papillae, and therefore of taste buds, arises
occurs midway in embryogenesis, may be secondary toindependently of nerve contact. This view is further con-
the early induction of taste bud progenitors. One couldfirmed by recent gene expression studies in developing
imagine that taste bud progenitors are induced earlymouse embryos. Messenger RNA for the secreted fac-
in embryonic development, via tissue-intrinsic mecha-tor, sonic hedgehog (shh), its receptor patched (ptc),
nisms that are set up shortly after gastrulation; tasteand gli1, a downstream element in the shh signaling
bud progenitors would then specify the position of tastecascade, are each expressed in a precise pattern in
papillae.developing lingual papillae (Hall et al., 1999). shh, ptc,
An Alternative Model of Developmentand gli1 transcripts initially are distributed within the
of the Taste Peripheryepithelium of the tongue primordium beginning at em-
Regardless of the precise mechanisms by which the
bryonic day 12 (E12) (Figure 2). By E16, broad epithelial
lingual epithelium generates buds, it has become evi-
expression gradually resolves into small foci of shh with
dent that (1) much of this process is a feature of the
annuli of ptc and gli1 expression surrounding each shh epithelium in which taste buds reside, and (2) the onset
spot. The restriction of shh expression to developing of taste bud induction and patterning occurs much ear-
papillae is coincident in both space and time with papil- lier than previously believed. Taken together, these find-
lar formation and thus suggests that shh signaling may ings have caused a reassessment of the model of taste
be involved in initial morphogenesis of taste papillae. bud development from a single neural induction mecha-
Interestingly, shh and ptc expression appears indepen- nism to a series of steps that focuses primarily on the
dently of nerve contact since focal gene expression in role of the epithelium in the genesis of taste buds and
early papillae occurs by E14, well before nerves invade development of their specific innervation (Northcutt and
the lingual epithelium. Thus, it appears that mammalian Barlow, 1998). Since the details of this model have been
taste papillae, like amphibian taste buds, form indepen- published recently, I will summarize only its main fea-
dently of nerve contact. If papillae contain taste bud tures here.
precursors, then one also could argue that nerve-inde- Induction and Patterning of Taste Buds. We propose
pendent shh signaling may be involved in the patterning that, initially, the oropharyngeal epithelium is set aside
of taste buds. or specified to become the only region of the embryo
The Role of Mesenchyme in Induction subsequently capable of generating taste buds. In sala-
of the Taste Periphery manders, the majority of the oropharynx is lined by an
If nerves are not involved, what other tissue level interac- epithelium derived from anterior endoderm (Barlow and
tions might induce taste papillae and buds? Taste papil- Northcutt, 1995), which is specified as the only taste
lae in mammals have an extensive mesenchymal core, bud±bearing region of the embryo by the time gastrula-
and it has been proposed that development of taste tion is complete (Barlow and Northcutt, 1997). These
papillae, like that of teeth and hair follicles, requires data imply that specification of the endoderm occurs
reciprocal signaling between adjacent epithelial and via inductive signaling during gastrulation, much as is
mesenchymal cells. This notion is reinforced by the com- the case for induction of the nervous system (reviewed
plex temporal pattern of shh, ptc, and gli1 expression by Harland and Gerhart, 1997). However, anterior endo-
derm is part of Spemann's Organizer and as such isin both epithelial and mesenchymal compartments of
Minireview
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molecularly distinct prior to gastrulation (reviewed by Once sensory nerve fibers arrive in the vicinity of the
oropharyngeal epithelium, we hypothesized that localHarland and Gerhart, 1997). In that light, anterior endo-
derm may already be specified at the onset of gastrula- cues produced by taste bud progenitors may be respon-
sible for the development of specific contacts betweention. In either proposed scenario, the inherent taste bud±
forming ability of anterior endoderm is set up very early taste buds and gustatory afferents. These cues could act
as short-range chemoattractants, neurotrophic agents, orin embryogenesis, well before taste buds first differen-
tiate. both. BDNF certainly is a trophic substance in the taste
system; it is expressed in developing taste papillae andThe next step of our model holds that, after specifica-
tion, a distributed population of taste bud progenitors is essential for the survival and normal development
of gustatory neurons (reviewed by Davies, 1994). Morearises via local cell±cell signaling within the endodermal
epithelium. As of yet, no data support or reject this recently, neurotrophins, and BDNF in particular, have
been invoked as short-range chemoattractants (McFar-hypothesis, but some recent findings indicate that ante-
rior endoderm does have taste bud±inductive capabili- lane and Holt, 1997). Thus, BDNF may play both a guid-
ance and a trophic role in the development of taste budties (Barlow, 1999). While the majority of the salamander
oropharynx is derived from endoderm, the most anterior innervation.
Cytodifferentiation and Maintenance of Taste Buds.region is actually lined by invaginated ectoderm. Oral
ectoderm paired with anterior endoderm is induced to The final component of our model holds that once sen-
sory fibers have found their targets, taste buds thenmake taste buds, whereas the same ectoderm in isola-
tion fails to do so. This result indicates that some type differentiate and synaptic contacts form. At this point,
taste buds become dependent upon nerves for main-of local signal from specified endoderm initiates taste
bud development in competent ectoderm. The nature tenance, at least in mammals and some amphibians,
as has been demonstrated many times. In addition,and/or identity of this local inducer remains unknown,
but certainly the Shh signaling cascade offers an intrigu- it is at this phase of development that differences be-
tween mammals and amphibians may become appar-ing, testable candidate.
Development of Taste Bud Innervation. One obvious ent. Specifically, while induction of mammalian taste
bud precursor cells may be independent of innervationconsequence of epithelium-autonomous generation of
taste buds is that the epithelium likely directs the pattern as discussed above, nerves may be required for initial
cytodifferentiation of mammalian taste buds; such nerveof its own innervation. In that light, we proposed that
the development of taste bud innervation occurs in two contact is not necessary for induction or differentiation
of amphibian taste buds. However, as we have dis-phases: first, developing gustatory axons are attracted
to the general vicinity of the oropharynx via a long-range cussed elsewhere, current published data are insuffi-
cient to settle this issue (Barlow and Northcutt, 1998).chemoattractant; second, local signals from taste bud
progenitors result in the development of synaptic con- In sum, the predominant model of embryonic develop-
ment of taste buds has been one of neural induction;tacts between taste buds and sensory afferents. This
latter hypothesis contrasts the neural induction model late in embryogenesis, ingrowing nerve fibers were envi-
sioned to induce the differentiation of taste buds withinwhere innervation patterns would dictate taste bud
pattern. the epithelium. However, recent studies have demon-
strated that taste bud induction likely is independentLong-range diffusible cues act both in central and in
peripheral nervous system development (reviewed by of innervation. Instead, the ability of the oropharyngeal
epithelium to generate taste buds is an intrinsic fea-Tessier-Lavigne and Goodman, 1996). In particular, the
axons of developing trigeminal ganglion cells have been ture of this tissue, a feature that is acquired very early
in embryonic development. These new findings haveshown to be attracted to the appropriate target epithe-
lium via a diffusible signal. We reasoned that gustatory forced a reassessment of the traditional view of taste
bud genesis, as well as construction of a new ªnerve-afferents may be guided to the oropharynx in a similar
fashion. However, new studies of trigeminal nerve devel- independentº model of early taste bud development.
opment (Rochlin and Farbman, 1998) reveal that this
model may be overly simplistic. These recent data indi-
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